Magnetic mirrors exhibit predominant physical characteristics such as high surface impedance and strong near-field enhancement. However, there is no way to implement these materials on a silicon lab chip. Here, we propose a scheme for an in-plane magnetic mirror in a silicon-based photonic crystal with a high-impedance surface, in contrast to the previous electric mirrors with low surface impedance. A tortuous bending waveguide with zero-index core and magnetic mirror walls is designed that exhibits high transmission and zero phase change at the waveguide exit. This type of magnetic mirror opens the door to exploring the physics of high-impedance surfaces and applications in integrated photonics. Metals have long been used as reflectors in optoelectronic devices. High conductivity of metal surfaces, which formulate the reversed phase of electric fields generated upon reflection, gives rise to the node of overall tangential electric field within a quarter wavelength near the surface. This leads to problems in miniature devices such as antennas or active layers. Another kind of extraordinary mirror, the so-called magnetic mirror, can produce in-phase reflected waves and tends to have promising applications. The magnetic mirror is characterized by large effective impedance and requires artificial composites to mimic the bulk electromagnetic property. The first high-impedance surface was proposed in microwaves by the building blocks of metal plates or corrugated grooves [1] . Later, various metallic inclusions were proposed, such as fishnet strips, Hilbert curves, and gold-coated carbon nanotubes [2] [3] [4] . Relevant studies have found the potential for improving miniature antenna performance [5] [6] [7] [8] or enhancing light absorption in active layers [9, 10] . In the optical regime, metallic fishnet-scale strips were first employed to achieve a magnetic mirror with unsatisfactory reflectivity and reflection phase change due to inevitable ohmic loss in the metallic components [11]. All-dielectric structures then become necessary to obtain a high-performance magnetic mirror. So far, all-dielectric resonators such as cross-shaped a-Si [12] and cubic Te [13, 14] have been introduced to realize optical magnetic mirrors (OMMs), but they are particularly applied for normal incidence to the device plane.
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On the other hand, all-dielectric metamaterial can serve as a promising candidate and an alternative way for tailoring the electric and magnetic resonances at optical frequencies with low absorption loss limits. Properly designing the size, permittivity, and geometry of dielectric unit cells allows the control of electric and magnetic dipole resonances. By overlapping electric and magnetic dipole resonance spectrally, impedance-matched Huygens surfaces have been proposed by using all-dielectric nanodisks [15, 16] . Recently, the generalized Brewster effect is also achieved with angle-suppressed scattering from electric and magnetic dipole interference [17] . Here we propose a strategy to achieve in-plane magnetic mirrors from all-dielectric photonic crystals (PCs). One advantage of PC-based magnetic mirrors is due to the fact that the mirrors could be constructed by vertical growth of rod arrays on the same supporting substrate of other photonic-integrated circuit components. In principle, a PC with a complete photonic bandgap provides the frequency range to expel disallowed modes [18] [19] [20] , acting as high reflectors. Extensive investigations have revealed its applications for guiding wave [21] and resonant cavities [22, 23] . Rather than the reflection phase-shift change, reflection amplitude in PC-based integrated devices has been the focus of previous literature. Until very recently, studies on reflection phase and surface impedance have revealed the existing condition on the edge state in the interface of two photonic-bandgap materials [24] , and also revealed the edge states in relation to the nontrivial Zak phase in both photonic and phononic crystals [25] [26] [27] . From the magnetic mirror point of view, it is not only to ensure strong reflection but also to gain the near-zero reflection phase shift at the PC surface, equivalent to the realization of a high-reflective surface with large impedance. Whether or not PC-based magnetic mirrors can exist is still an open question.
In this Letter, we propose a kind of in-plane magnetic mirror in a silicon-based PC. The high-impedance feature is derived when the working frequency is near the photonic band edge, leading to the enhancement on the electric field within the quarter wavelength distance of the PC surface. By virtue of their high-impedance characteristics, magnetic-mirror PCs can be applied as high-impedance boundary walls to achieve high transmission and zero-phase delay in zero-index waveguides, even when light experiences sharp turns in the waveguide channel.
The in-plane magnetic mirror can be modeled as a 2D array of silicon rods placed in air background. The lattice constant is a. The rod radius is R 0.331a, and the dielectric constant of ϵ 12. Such a set of parameters brings a complete bandgap from 0.221 to 0.273 c∕a in the whole momentum space, allowing strong electromagnetic reflections. At the frequency near 0.273 c∕a, the PC can exhibit a collective feature of high impedance (quantitative results will be shown later). A schematic picture is shown in Fig. 1(a) , indicating that both the incident and reflected wave (yellow arrows) yield the same phase shift in the electric field (red) while the reversed phase shift in the magnetic field (green arrows) at the surface of magnetic-mirror PC occurs. Instructive interferences of the electric field between the incident and reflected waves will enhance the amplitude of electric field (jEj) within a quarter wavelength distance near the surface, while the amplitude of magnetic field (jH j) is suppressed due to destructive interference. This is verified by COMSOL calculations, as shown in Figs. 1(b) and 1(c). The electric field near the topmost cylinders (gray circles) reaches the maximum value (inside white dash), while the magnetic field is minimum in the same region. This is consistent with the case when the magnetic-mirror PC is replaced by an ideal perfect magnetic conductor
For comparison, a counterexample of a perfect electric conductor (PEC) is also plotted in Figs. 1(g)-1(i), revealing the suppression of jEj while the enhancement of jH j is nearly the PEC surface. Figure 2 (a) illustrates the projected band structure along x direction with transverse magnetic polarization (electric field along the rod's axis). The pink marks the passband, while the white denotes the bandgap. It is found that there is a large gap between 0.182 and 0.273 c∕a at k x 0, indicating strong reflection within this frequency region at normal incidence. However, the key point of the magnetic mirror is to investigate the effective impedance within the bandgap. Following the well-established retrieval methods from scattering parameters [28, 29] , the effective impedance Z eff ω; k x is calculated by full-wave simulations; the results are shown in Fig. 2(b) . In principle, a semi-infinite stack of periodic layers should be employed in the retrieval process, but the value of Z eff ω; k x inside the bandgap can converge to a constant when the number of layers is as many as 30. As illustration of the inset of Fig. 2(b) , a plane wave is incident on the top, and periodic conditions are applied along x direction for each wave vector and angle of incidence. The Z eff (ω, k x ) is obtained from the extracted reflection (r) and transmission (t) coefficients [25] 
where k is the wave vector and k x is its tangential component. The sign here ensures the condition for ReZ eff ω; k x > 0. Figure 2(b) shows the magnitude of Z eff ω; k x above the light cone, with the same ω − k diagram as the projected band structure. The color bar is presented in logarithmic scale in order to distinguish the distributions of jZ eff ω; k x j. The dark red strip with maximum value of jZ eff ω; k x j is near the upper band edge, while the dark blue strip is near the lower band edge, implying that the magnetic mirror and the electric mirror can be realized near such frequency regimes, respectively. The glitches at a higher passband arise from Fabry-Perot resonance inside the passband. To clarify the value of effective impedance, Fig. 2(c) plots the variation of jZ eff ω; k x j as a function of the frequency for normal incidence (k x 0). It is found that the effective impedance is monotonically increasing inside the bandgap (shaded region). A peak occurs at the frequency of 0.273 c∕a with the maximum value of ∼16, while jZ eff ω; k x j goes to zero at the first band edge of 0.182 c∕a. For the frequency of the upper pass band, a few oscillations are found due to Fabry-Perot resonance, which is also verified from the transmission spectrum illustrated in Fig. 2(d) . The oscillations in transmission spectrum are derived from interscattering between rods, of which the periods are highly dependent on the number of rods stacked along the y direction. The calculated reflection phase (φ) in Fig. 2 (e) manifests a monotonic decrease of |φ| from π to 0 at the two band edges as the frequency increases. It attests to the distributions of jZ eff ω; k x j, which prescribes a small reflection phase in response to large surface impedance. Next, we will show that OMM PCs can be utilized as high-impedance boundary walls. Recently, the electromagnetic behaviors such as invisibility cloak and sharp-turn energy tunneling have been demonstrated in the microwave waveguide with the high impedance surface cladding and the zero-index core [30] [31] [32] [33] . In those behaviors, the zero-index core can be constructed by an all-dielectric PC with triplet accidentally degenerates conical dispersion at Γ point in both the microwave and optical frequency regime. However, a zero-index PC is not sufficient for a whole waveguide system. When the electromagnetic wave propagates through the waveguide with the core of a zero-index PC, one should have perfect-magnetic-conductor boundaries as the magnetic-reflection wall in order to mimic the infinite periodicity and to ensure high transmission and unchanged output transverse-magnetic polarized wavefronts. This is easy to accomplish by delicate design on a metal plane and using the mature printed circuit board technique in microwave, but it cannot scale into the telecommunication regime, as metal is seriously dispersive and lossy. The solution is to replace it with the all-dielectric magnetic-mirror PC because of its high impedance characteristics.
As a representative example, we assume the lattice constant of the zero-index silicon PC to be a 1 2a, so that the zeroindex band is near the high-impedance frequency of 0.273 c∕a in the magnetic-mirror PC. The rod radius of the zero-index PC is R 1 0.4048a. Figure 3(a) illustrates the effective permittivity and permeability, indicating that the working frequency for the zero-index is well designed at 0.273 c∕a. In this way, one can construct a full PC-based waveguide channel with a zero-index core and high-impedance cladding, as shown in Fig. 3(c) . Both the core and cladding have 10 rows of rods along the y direction. When the working frequency is at 0.273 c∕a, it is observed that the electric field is almost in-phase inside the zero-index PC, while the exit wave is of high transmittance and almost keeps the plane wave profiles. It is also found that the electric fields experience strong reflection upon the highimpedance boundary wall with little penetration into the OMM at both sides. Note that the slightly distorted plane wavefront in both the incident and exit air region is due to multiple interferences at the interface of the OMM and the zero-index PC. Control calculation is calculated in Fig. 3(b) for the case of an ideal PMC boundary, showing the similar behavior as those in Fig. 3(c) . This verifies the fact that the magnetic-mirror PC can play a role as the PMC boundary. One prominent advantage of such substitution is that all-dielectric materials in a zero-index and magnetic-mirror PCs may benefit to low-loss photonic integral circuits at optical frequencies.
Next, we will implement the magnetic-mirror PC into the zero-index waveguide with tortuous transmission paths, in order to further illustrate the nontrivial OMM behavior. We take the 180°bend waveguide as an example. The simulation results are in Figs. 4(a) and 4(b) for the cases of an ideal perfect magnetic mirror and a PC-based OMM, showing the equivalence to each other at the frequency of 0.273 c∕a. To completely investigate the high impedance feature, Fig. 4(c) shows the variation of jZ eff ω; k x j as a function of the rod radius in the cladding PC. Here, we fix the working frequency at 0.273 c∕a and restrict the radius with the values that guarantee the frequency within the bandgap. When the radius reduces from 0.331a, the value of jZ eff ω; k x j decreases monotonically. This is because the photonic band structure [similar in Fig. 2(a) ] moves to higher frequency as the radius reduces, leading to the notion that the working frequency is at the regime of the low-impedance mirror of the magnetic-mirror PC. As a result, the transmission of the bending waveguide will become low and the plane wavefront will be severely distorted if the rod radius of the cladding PC changes away from 0.331a. This is verified as a typical example at R 0.3a, as shown in Fig. 4(e) , sharing similar features as the case of perfect electric mirror [ Fig. 4(d)] . Most of the energy experiences strong reflection back to the incident port, but is still confined inside the zero-index core. Note that the working frequency falls into the passband and the oscillations appear due to the Fabry-Perot resonance when the radius is larger than 0.331a.
To quantitatively measure the output from the bend waveguide, Fig. 4(f ) shows the transmitted energy from the exit port as a function of the radius of the cladding PC. The distribution trends of the transmission and jZ eff ω; k x j are well consistent with each other. Figure 4 (f ) also implies that the output energy from the magnetic-mirror cladding (point A) is more than five times that from the electric-mirror cladding (point B). This is because the E z field remains in-phase after bouncing off the high-impedance surface, resulting in uniform energy flow and high transmittance through the waveguide. However, the E z field becomes out-of-phase when reflecting off the electricmirror boundaries, leading to destructive interferences and weak flow of energy. Note that the transmittance in Fig. 4(f ) is still high, even for the point R 0.332a, with low effective impedance. This mismatch comes from the finite size effect. When the sizes of both the magnetic-mirror and the zero-index PCs increase, the transmission peak should approach the point of 0.331a.
The general fabrication strategy of such 2D all-dielectric PC with zero-index properties has already been realized by alternating layers deposition, electron beam lithography (EBL), and reactive ion etching (RIE) [32] . Despite the narrow available ranges of rod diameter between the electric mirror and the magnetic mirror, the scalar difference in diameter is still within today's EBL resolution. Suppose the working wavelength is 1.55 μm: then the lattice constant is a 423 nm. The corresponding diameters of the magnetic mirror and the electric mirror are 280 nm and 254 nm, respectively. Such a 26 nm size difference is essentially achievable from EBL with extremely precise alignment and stigmation adjustment.
In conclusion, we have proposed a scheme for an in-plane magnetic mirror in silicon-based PCs. High-impedance characteristics ensure the enhanced electric field within the quarter wavelength distance near the PC surface. High transmission and zero phase change in the zero-index waveguide are achieved when the magnetic-mirror PCs are applied as high-impedance walls. Along with the natural accessibility to the silicon industry, the proposed all-dielectric OMM is highly compatible with today's advanced nanofabrication technology, and it has benefits in exploring the physics of high-impedance surfaces and their applications in photonic integrated circuits.
